The sequence of conduction through the intraventricular conducting system and endocardial muscle was studied by microelectrode mapping of large areas of isolated canine ventricular tissue. We found that most of the endocardium of the right ventricular free wall is activated simultaneously whereas the left endocardial muscle is activated in an apex-to-base sequence. Right septal activation is from apex to base, and the left septum is activated first at the junction of the middle and lower thirds of the septum and then as a bidirectional wave front toward the apex and the base. These right-left differences occur because the sites of impulse input into muscle on the right encompass the entire free wall, base of the papillary muscle, and the lowermost septum, and on the left are primarily limited to the lower ventricular cavity, lower septum, and bases of the papillary muscles. These patterns of left ventricular excitation relate to the presence of a functionally continuous ring of conducting tissue formed by a merger of the major divisions of the left bundle branch on the upper left ventricular free wall. The "ring" itself is electrophysiologically isolated from muscle, but connects to a network of subendocardial conducting tissue extending to the apex and having input to muscle only in its lower portions.
dium under normal and abnormal conditions are all topics of interest to both the clinician and the physiologist. Our present knowledge of these relationships has been developed by the early physiologist-clinicians such as Lewis (1, 2) , the later anatomists and pathologists (3) (4) (5) (6) (7) (8) , and the modern physiologists and clinicians (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . A number of different techniques, each with its own values and limitations, have been used to study these problems. The most popular of these have been multipolar transmural plunge electrodes and surface electrodes (both epicardial and endocardial). These techniques have produced a large quantity of valuable data. In an attempt to resolve some of the remaining problems, we have used an experimental model consisting of large areas of endocardial muscle and conducting tissue isolated in tissue bath, studied primarily by intracellular microelectrode mapping, and by surface electrode mapping as well. The results of these investigations are presented herein. 
Methods
The studies were performed on isolated cardiac tissue obtained from 69 adult mongrel dogs, weighing 7-20 kg. The animals were anesthetized with sodium pentobarbital, 30 mg/kg iv, and the heart was removed rapidly through a right thoracotomy and placed in oxygenated Tyrode's solution composed as follows (ITIM), NaCl 137, NaHCO 3 12, dextrose 5.5, NaHoPO 4 1.8 MgCl, 0.5, CaCU 2.7, and KC1 3.0.
The preparations were mounted with small steel pins in a wax-bottomed tissue bath with a 20-ml effective volume and approximately 27-cm 2 area. Tyrode's solution equilibrated with 95% O 2 -5% CO 2 was used to perfuse the chamber at a rate of 8 ml/min. The temperature of the bath was kept between 36 and 37°C.
Action potentials were recorded through machine-pulled glass microelectrodes filled with 3M KC1 and having resistances between 15 and 30 megohms. Ag-AgCl junctions were used to connect the microelectrodes to amplifiers having input impedances of 100 megohms and input capacity neutralization (NF-1, Bioelectric Instruments). The outputs of these amplifiers were displayed on oscilloscopes for monitoring (Tektronix model 531) and recording and measuring the various transients (Tektronix models 565, 564, and 5030). The rate of rise of phase 0 of the action potential (dV/dt) was determined electronically with continuous calibration by differentiating a sawtooth signal of known voltage and duration. Intervals were measured on-line during the course of experiments by a method previously described (24) .
Bipolar surface electrograms were recorded through small (0.010 inch) contiguous bipolar silver surface electrodes, triple Teflon-coated except at the tips. The surface signals were amplified through a high-gain differential amplifier (Tektronix model 3A3). Both the transmembrane and surface signals were recorded photographically from the oscilloscope screens.
Tissue Preparations.-The general procedure used for removal of the conducting system and surrounding muscle has been reported in detail elsewhere (25, 26) . For the current studies, the right ventricular endocardium and septum were exposed by cutting away the right atrium and cutting the anterior and posterior junctions of the free wall and septum to approximately threefourths of the distance from the base to the right ventricular apex. The cavity was carefully laid open and the dissection procedure carried out. The septal leaflet of the tricuspid valve was removed, and the chordae tendineae of the other leaflets were severed close to the papillary muscles. For some studies, the right bundle branch and several millimeters of septal surface on either side of it were required. The bundle branch was transected at the most proximal point visible, and a rectangular section of tissue removed. This preparation contained the bundle branch to a level just proximal to the base of the anterior papillary muscle. In other studies, most of the conducting system including the bundle branch, papillary muscle, and free-running false tendons terminating on the endocardial surface of the free wall of the ventricle was used. Finally, for some studies, it was necessary to dissect from small hearts as much of the endocardial surface as possible, maintaining anatomic continuity, and mount the entire preparation in tissue bath.
Several types of preparations from the left bundle branch system were studied. In all instances, the left atrium was removed and the left ventricle was opened by an incision through the free wall of the ventricle. In some preparations, the incision was made through the free wall, midway between the two papillary muscles and extending to the apex of the ventricle. The anterior leaflet of the mitral valve, forming a curtain over the outflow tract, was cut vertically in its midportion and the cut extended through the aortic root. The chordae tendineae were cut close to the papillary muscles and the mitral valve removed. This procedure exposed the main left bundle branch, its major divisions, and the septum, papillary muscles, and free wall endocardium. An incision was made along the aortic ring at the most proximal portion visible of the main left bundle branch near the fibrous skeleton of the heart. At this point, the dissection procedure varied according to the type of preparation desired. In one preparation used for these studies, a square or rectangular block of endocardium 2-4 mm thick was excised and mounted in the tissue bath. This generally included at least the upper two-thirds of the septum and the major divisions of the bundle branches extending laterally for at least three-quarters of the distance to the papillary muscles. In some preparations, especially those obtained from small animals, the block of tissue extended all the way to the papillary muscles. Another type of preparation was composed of a rectangular section which included the main left bundle branch, one of the major divisions, the septal and papillary muscle, and free wall endocardial muscle, sometimes extending all the way to the other papillary muscle (in small hearts). To achieve the latter preparation, the vertical incision was made along the junction of the anterior or posterior free wall and the septum, rather than between the two papillary muscles. Other variations of dissection procedures are discussed in Results.
Because of the extreme sensitivity of the conducting fibers to slight trauma or stretching,
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219 and the possibility of some anatomic distortion of the preparations during mounting due to their complexity, we checked the normality of conducting tissue and muscle by demonstrating that several previously described criteria (25, 26) were in normal range before accepting the validity of a map. These criteria were checked in all regions of the preparations.
Stimulation of Tissue.-The tissue was stimulated on the surface by the electrodes described above. Local stimulation of a bundle branch was achieved when desired by using stimulus signal strength not exceeding 1.2 times threshold. Intracellular stimulation through a microelectrode, which was also used for recording, was achieved by a reed relay system which allowed passage of a current pulse in one position and the recording of the transmembrane potential in the other. The output of the pulse generator normally used to stimulate the tissue through surface electrodes was used to both activate the coil of the relay and simultaneously trigger a wave-form generator, which triggered a second pulse generator that supplied the pulse passed through the microelectrode for intracellular stimulation. After termination of the pulses activating the relay coil and passing current through the microelectrode, the relay switched back to the recording mode. The pulse duration required for intracellular stimulation ranged from 2 to 10 msec, generally being less than 5 msec. For surface stimulation, a pulse duration of 1-2 msec was used.
The preparations were driven at basic cycle lengths ranging from 400 to 1000 msec. For most experiments cycle lengths of 800 to 1000 msec were preferred, since microelectrode impalements tended to be more stable at these slower rates. Premature impulses were applied at various intervals after the driven impulses. The stimulus strength was 1.1-1.2 times the threshold strength determined during early phase 4, and 1-2 msec in duration.
Collection of Data.-The occurrence and sequence of activation of the specialized conducting system or ventricular muscle or both was determined by both surface electrograms and recordings of transmembrane action potentials from single cells. Surface electrograms were found to be useful for mapping the general sequence of events, and the upstroke of transmembrane action potentials was better for precise timing. The limitations of bipolar recording systems caused by the orientation of the electrodes relative to the direction of propagation (15, 27) proved to be a major obstacle for precise mapping experiments. On the other hand, the variation in activation time of multiple Purkinje cells in the same region of the conducting system or of the endocardial Circulation Research, Vol. XXX, February 1972 muscle was no more than a few milliseconds during stimulation at the cycle lengths employed and in the absence of premature activity. Therefore, surface electrograms, which could be used easily to identify both Purkinje activity and muscle activity, were used to outline general sequences of events, but precise timing was achieved with intracellular recording.
Maps of the sequence of activation were obtained during the course of each experiment, and the times presented below are the intervals from the onset of the stimulus to the upstroke (phase 0) of the transmembrane action potential.
Results

CONDUCTING SYSTEM IN THE RIGHT VENTRICLE
Physiological Isolation of the Right Bundle
Branch.-The gross anatomy of the canine right intraventricular conducting system is shown in Figure 1A . The most proximal portion of the right bundle branch is identified at the top of the interventricular septum. The bundle branch passes down the septum to the base of the anterior papillary muscle, and after crossing it fans out into multiple freerunning false tendons terminating on the free wall of the ventricle as a profuse subendocardial Purkinje network. Fibers to the septum from the portion of the bundle branch proximal to the anterior papillary muscle are generally not visualized. However, there are consistently tracts of conducting fibers which reflect back from the base of the anterior papillary muscle and the apical free wall to the lower portion of the septum (Fig. IB) .
The canine right bundle branch is anatomically separated from the right septal muscle by fibrous tissue (Fig. 1C ). This encasement of the bundle branch continues to the base of the papillary muscle and beyond on the false tendons. In almost all preparations studied, the isolation of the bundle branch from the septal muscle was physiologic as well as anatomic. When the bundle branch and its surrounding septal muscle were isolated in tissue bath and the distal bundle branch had been transected proximal to the fibers that course back up the septum from the level of the papillary muscle or apical free wall, the bundle branch and septal muscle were electrophysiologically independent of each other in 17 of 19 preparations. When the bundle 220 MYERBURG, NILSSON, GELBAND
FIGURE T
Pertinent anatomic features of the right ventricular conducting system. The system was stained with Lugol's solution as described by Uhley and Rivkin (30) . A shows the right bundle branch (RBB) coursing down the septum (SEP) to the base of the anterior papillary muscle (PM), after which it becomes a free-running false tendon (FT) branching profusely on the free wall as a dense network of subendocardial Purkinje fibers (SEPF). Anterior septum is to the right. In R, a close-up of apical region shows the RBB extending to the base of anterior PM. From a point distal to this, fibers from the RBB or FT reflect back to the lower septum-septal Purkinje fibers (SPF)-to deliver impulses to the SEP. Some of these fibers also reflect up into the outflow tract and some apical SEPF contribute to the SPF. A separate tract of SPF fibers also runs to the posterior septum (see Fig. 6 ). C demonstrates that the RBB is separated from SEP muscle by connective tissue. Section was obtained from the distal RBB just proximal to PM. branch of these preparations was stimulated close to threshold by either intracellular or surface stimulation, the impulse spread freely through the conducting tissue but could not excite the septal muscle. When the stimulating electrodes were moved away from the bundle branch onto the septal muscle surface, the muscle could be stimulated and the entire muscle mass activated, and the bundle branch remained quiescent or developed its own slow spontaneous rhythm. When the surface of the bundle branch was stimulated well in excess of threshold strength, both the bundle branch and septal muscle were activated, presumably because of high current density nonspecifically activating muscle contiguous to the bundle branch ( Fig. 2) .
In a few such preparations, in which slow spontaneous activity was present in the bundle branch, an unusual relationship between activity in the bundle branch and septal muscle was observed. When the bundle branch was stimulated close to threshold or was allowed to generate its own spontaneous impulses, the impulses remained within the bundle branch. However, when the septal muscle was stimulated at a rate in excess of the spontaneous rate in the bundle branch, a relationship developed between the activity in muscle and that in the bundle branch. In two instances, this relationship assumed the form of fixed coupling between the muscle action potential and the bundle branch action potential (Fig. 3A) . In four others, the relationship remained parasystolic, but the rate in the bundle branch was faster when the Physiological isolation of the right bundle branch from the septal muscle. Septal muscle and right bundle branch (RBB) were transected proximal to fibers which reflect back to the lower septum. Surface stimulating electrodes were used (ST), and microelectrodes impaled cells in RBB (jiE-1) and septal muscle (fiE-2). In A, RBB was stimulated at a current density high enough to also stimulate nearby muscle directly, and propagation occurred through both RBB and septal muscle. In B: stimulus strength was such that the current density could excite only the local cells (RBB). In C, stimulus strength was subthreshold for even RBB and the entire preparation remained quiescent. In D, surface electrodes were moved to the septal muscle, and excitation of the entire muscle mass occurred without depolarization of RBB. The same results were observed with intracellular stimulation, except that simultaneous activation of RBB and muscle with high current densities was not possible. Cycle lengths from 400 to 1000 msec were used.
muscle was being stimulated than when it was quiescent ( Fig. 3B ). The underlying feature common to both phenomena was the presence of phase 4 depolarization that caused spontaneous activity in bundle branch cells. The possible mechanisms involved will be discussed later.
Mechanism of Activation of the Right Ventricular Septum.-Since the right bundle branch appears rarely, if ever, to give off Purkinje fibers to the septum proximal to the base of the anterior papillary muscle and the bundle branch is electrophysiologically insulated from the septal muscle, the tracts of fibers from the level of the papillary muscle and below were thought to play a dominant role in septal activation. Figure 4 demonstrates the type of experiment employed to test this hypothesis. The preparation consisted of the septum, papillary muscle, and free wall muscle, through which course the bundle branch and its distal ramifications terminating in free wall muscle. The proximal bundle branch was stimulated just in excess of threshold strength at a cycle length of 1000 msec, and the sequence of activation of the conducting system was mapped using intracellular microelectrodes. As shown in Figure 4 , the propagating impulse spread along the bundle branch toward the region of the apex of the ventricle and then returned to the septum by way of a tract of specialized conducting tissue, which came off the bundle branch distal to the papillary muscle. The time of activation of the most distal point of the conducting tract shown on the septum was later than the activation time of a point on the free-running false tendon 15 mm from the stimulating electrodes. In the 11 preparations so studied, when the sequence of activation of the right bundle branch was from proximal to distal (antegrade), the septal muscle was activated from distal (apical) to proximal (basal), and the impulse was delivered to the low septum by the conducting fibers described above. There was a tendency for the portion of the septal muscle anterior to the bundle branch to be activated somewhat earlier than that posterior to the bundle branch. Separate tracts of conducting tissue from the right ventricular apical region served the septal muscle anterior and posterior to the bundle branch. Unusual relationships between activity in the bundle branch and surrounding septal muscle. Preparations similar to that in Figure 2 were used; intracellular stimulation was used in A and surface stimidation in B. Very slow spontaneous bundle branch activity without conduction into muscle was present in A and B. In A, when the septal muscle was stimulated intracellularly at a cycle length of 800 msec, the spontaneous activity in the bundle branch assumed a fixed-coupling relationship to the activity in muscle. The coupling interval depended on the location in the bundle branch and ranged from less than 0.5 msec to 'pver 6 msec (right). Changing the rate of stimulation of muscle did not significantly alter bundle branch rate. A certain degree of phase 4 depolarization probably had to occur before this dependent activation of the bundle branch could occur. Thus the degree of block changed but bundle branch rate did not. In B, very slow spontaneous activity (about 3/min) in the bundle branch occurred in the absence of propagation to, or stimulation of, muscle cells (left). However, when the septum was stimulated close to threshold in an area devoid of conducting tissue at a rate well above the spontaneous bundle branch rate, the latter increased to about 10/min. A parasystolic relationship persisted, however, with no fixedcoupling between muscle activity and bundle branch activity. Discontinuing muscle stimulation caused return of the spontaneous rate in the bundle branch to about 3/min. Intracellular stimulation of muscle caused the same effect.
Sequence of Propagation in the Right
late activation of the septal tracts of specialized conducting tissue led us to investigate the overall sequence of activation of both conducting tissue and ventricular muscle of the right ventricular endocardium in the type of preparation shown in Figures 5 and 6. The sequence of activation of the conducting tissue was from the bundle branch, to false tendon, to subendocardial Purkinje network on the free wall of the ventricle, as shown by the three Purkinje cell action potentials in Figure  5 . The earliest muscle to be activated was from the region of the right ventricular free wall that forms the right ventricular apex. Shortly after that, much of the remaining right ventricular free wall endocardium was activated almost simultaneously ( Fig. 6 ), the variation between points usually being not more than 3-4 msec. This statement is based on studies of tissue obtained from nine small-tomoderate-sized hearts from which almost the entire right ventricular free wall endocardium could be isolated and mapped. In these preparations, the most basal portions of the Mechanism of impulse delivery to the right ventricular septum. Preparation consisted of septal muscle and right bundle branch, the latter extending across the base of the anterior papillary muscle (PM) to become the major free-running false tendon. Surface electrodes stimulated the mid bundle branch at a current strength just above threshold. A small branch of fibers on the lower septal muscle joined the right bundle branch as it crossed the base of PM. Two microelectrodes simultaneously recorded from the septal Purkinje fiber branch (SPF in Fig. 1 ) and from the contralateral side of the bundle branch at various levels from the stimulating electrodes (ST). Numbers in the center of the bundle branch represent millimeters from the ST electrodes to the first level of impalement (A) (first dot) and then from each level of impalement to the next (A-G). Transmembrane action potentials numbered 1 were recorded on the side of the bundle branch contralateral to the SPF branch. Those numbered 2 were recorded in the SPF branch and then down the ipsilateral side of the bundle branch. On the contralateral side, a sequence of activation times from the stimulus (S) to each level was that expected for normal antegrade conduction. However, on the ipsilateral side, the sequence of activation was reversed from level A to somewhere around E or F. In the region of level F, the impulse on the two sides of the false tendon began to travel as a normally propagating unidirectional wave front. No fibers go to middle or upper septum. Horizontal calibration = 2 msec; vertical calibration z= 20 mv.
free wall endocardium and some portions of the outflow tract endocardium were activated General sequence of activation of the right ventricular conducting system and muscle. Preparation is of right septum, apex, and free wall in continuity and separated only at the junctions of the anterior and posterior free walls with the anterior and posterior septum. Two tnicroelectrodes were used to simultaneously record from mid bundle branch and adjacent septal muscle (top pair of transmembrane action potentials, TMPs), from the bundle branch crossing the base of the papillary muscle and adjacent muscle cells (middle TMPs), and from an apical subendocardial Purkinje fiber and adjacent muscle (bottom TMPs). Proximal bundle branch was stimulated intracellularly. The sequence of depolarization was from proximal to distal in conducting system, and distal to proximal in muscle. Initial muscle activation was in the region of apical endocardial muscle. The free wall endocardium followed (see Fig. 6 ), then papillary muscle, and finally the septal muscle from apex to base. Horizontal calibration = 5 msec; vertical calibration = 20 mv.
with some overlap. Papillary muscle depolarization from base to apex followed activation of most of the free wall endocardium, and finally septal muscle ( Fig. 5 ) was depolarized from apex to base. The interval between the arrival of the propagating impulse in the terminal conducting tissue at the right ventricular apex and depolarization of the muscle cells in the same region was always on the order of 1-4 msec. On the free wall, it was about the same but could be considerably longer between nonterminal free wall subendocardial tracts and ventricular muscle, as in the case of the time intervals between bundle branch activation and papillary or septal muscle activation (Fig. 5 ). The intervals between free wall subendocardial conducting tissue tracts which were not close to their points of termination and the muscle under these tracts were quite variable and could be as long as 10 msec. Activation of the right ventricular free wall. Preparation is of the right ventricular free wall, intact except for incisions along the anterior and posterior septal junctions. The mid right bundle branch (not shown) was stimulated with surface electrodes at currents close to threshold. The major ramifications of the bundle branch are a group of false tendons spreading throughout the free wall endocardium as a network of interconnecting tracts and whorls of conducting tissue. These major tracts were activated 10-15 msec and the right bundle branch (RBB) at the base of the papillary muscle (PM) 8 msec after the stimulus. The white numbers on black backgrounds represent intervals from stimuli to terminal Purkinje fiber depolarization. The black numbers on white backgrounds are stimulus-to-muscle depolarization times. The earliest terminal Purkinje fiber and muscle activated on the free wall is in the apex, but most of the free wall is activated a few milliseconds later. Only the most basal portion of the free wall (devoid of terminal conducting fibers) is activated later (30-36 msec) . much more complex than that of the right system. The short main left bundle branch divides into two divisions high on the left side of the interventricular septum ( Fig. 7) . Large portions of the anterior (superior) division and the posterior (inferior) division course directly toward the two papillary muscles. A profuse subendocardial network of interlacing Purkinje fibers courses through the septal endocardium bordered by the two major divisions and the papillary muscles (Figs. 7 Circulation Research, Vol. XXX, February 1972 and 8) . When a block of tissue composed of the upper one-half of the septum, encompassing a width slightly less than the width shown in Figure 7 , was isolated in the tissue bath and the main left bundle branch stimulated close to threshold, the impulses frequently remained within the conducting system, as in the right bundle branch. Stimulation of muscle devoid of conducting tissue (e.g., the basal portion of the septum well above the anterior division of the left Pertinent anatomic features of the proximal left ventricular conducting system. Left ventricle was opened by an incision through the free wall between the papillary muscles from base to apex, chordae tendineae were cut, mitral valve was removed, and the aortic root was opened. This procedure exposes the main left bundle branch (LBB) entering the intracavitary region of the left ventricle from under the aortic ring (AR). The main left bundle branch bifurcates into an anterior division (AD) and a posterior division (PD) which course toward the apical portions of both papillary muscles (out of picture). A network of subendocardial Purkinje fibers (SEPF) is present between the two divisions. The endocardial true ventricular muscle tissue (VM) can be seen between the tracts of conducting tissue. Stimulating surface electrodes (ST) located on the LBB may initiate activity in the conducting system without stimulating ventricular muscle nonspecifically. bundle branch) in such preparations allowed propagation through muscle without activation of the specialized conducting tissue. In two of the seven of these preparations, the size of the preparation of the septal endocardium did not allow physiological isolation of the conducting tissue from muscle. However, sections including only the main bundle branch and proximal divisions with their adjacent muscle (upper one-half of Fig. 7 ) always permitted physiological isolation of impulses.
CONDUCTING SYSTEM IN THE LEFT VENTRICLE
Physiological Isolation of the Left Bundle Branch and Its Major Divisions.-The gross anatomy of the left bundle branch system is
Normal Sequence of Activation of the Left Bundle Branch System and Left Ventricular Endocardium.-Thirty-three preparations of several types were used to map the sequence of activation of the left ventricular conducting system and endocardial muscle. These experiments produced consistent patterns. In one type of preparation, the propagating wave front could be shown to spread along the two major divisions of the left bundle branch toward the papillary muscles and through the septal subendocardial Purkinje network, as a sequence of activity from the top of the septum (main bundle branch) toward the apex (Fig. 8 ). All of the conducting tissue along any of the isochronic lines shown in The earliest muscle activation was approximately at the junction of the middle and lower thirds of the septum between the papillary muscles. In this region, the interval between the onset of activity in the specialized conducting tissue and the onset of activity in ordinary muscle was usually in the range of 1-2 msec. When the activation time of ordinary ventricular muscle was measured at points progressively higher on the septum, activation time became progressively later and the interval between septal Purkinje activity and septal muscle activity prolonged (Fig. 8 ). The posterior basal portion of the septum was usually activated 35-50 msec after the main left bundle branch and the anterior basal portion 45-65 msec after the main left bundle branch. In the region of the base of the septum, it was quite common to find tracts of conducting tissue activated as much as 50-60 msec before the adjacent muscle ( Fig. 8 , lower half). We never identified conducting tissue in the subendocardium of the upper half of the septum which was activated immediately before the muscle, or a transitional type of conducting cells, as had been the case in the lower third of the septum.
Several patterns of depolarization of tissue from specific areas of the endocardium deserve special comment. The two papillary muscles each appeared to have a consistent dual input of propagating impulses from the conducting system in the 21 preparations studied. Large tracts of tissue from the major divisions of the bundle branch normally coursed across the upper portion of each papillary muscle on the way to the portions of the ventricular free wall between the papillary muscles (Figs. 9 and 10). Conducting fibers branching from these tracts coursed down the long axis of each papillary muscle from apex toward base, carrying impulses to the bases as indicated by the sequence of activation seen in mapping experiments ( Fig. 9 ). However, the fibers traveling across the upper portions of the papillary muscle did seem to have some Circulation Research, Vol. XXX, February 1972 form of input into the apical portions of the papillary muscles in about 50% of the preparations studied; the nature of this input was somewhat unusual (see below) when compared to the input observed at the bases of the papillary muscles.
Maps of activation of the conducting fibers approaching the base of the papillary muscle from the lower septal region and paraseptal free wall indicated a sequence of activation from the lower septal endocardial conducting tissue to the lower paraseptal free wall and ventricular apex and then to the base of the papillary muscle ( Fig. 10 ). As indicated by the results of discrete lesions made with a sharp scalpel through the pathway from the major division on the apical portion of the papillary muscle or through the pathway from the lower septum, the arrival time at the bases of the papillary muscles by either pathway was about the same. Maps of intact pathways also indicated a temporal convergence of conducted impulses at the bases of the papillary muscles. The sequence of activation of ventricular muscle fibers in the papillary muscle always was from the base of the muscle to its apex (Figs. 9 and 10). At the most basal portions of the papillary muscles, the time between activation of the terminal conducting fibers and the subendocardial muscle fibers consistently did not exceed 2-4 msec. As points higher on the muscle (toward the apex) were studied, the conducting fibers were activated earlier and the muscle cells later ( Fig. 9 ), causing a prolongation of the time between depolarization of Purkinje fibers and depolarization of ventricular muscle. This prolongation was a function of distance from the base of the papillary muscle to the apex of the papillary muscle. Cutting either of the two pathways of input did not alter any of these relationships. It therefore appears that impulse input to the papillary muscle myocardial cells occurs primarily at the base of the structure with either of the pathways. showing the sequence of activation of conducting tissue and ordinary muscle described in Figure 8 . Center section is the rest of the PSFW and the APM. Impulses traveling from the lower SEP and PSFW would arrive at the base of the APM at about the same time as impulses traveling to the base along fibers from the portion of the AD crossing the top of the APM. Left section shows activation of the free wall between papillary muscles (IPFW). Because of the multiple inputs to the IPFW conducting system, there is considerable overlap in activation times of Purkinje fibers. However, muscle is activated from apex to base. The IPPF, which normally completes the ring of tissue between the left bundle branch and its anterior and posterior divisions (see Fig. 11 ), is activated earlier than the rest of the conducting tissue in the region.
concepts suggested above and in Figure 9 . However, the striking feature of these preparations was that, despite the apparent local input of impulses into the upper papillary muscles, delays between Purkinje fiber and local muscle cell activation in excess of 50 msec, sometimes up to 150 msec, were observed. The nature of these delays is uncertain (see Discussion). The region of the left ventricular apex was a second area of interest. The input from the conducting system to this area was by way of Circulation Research, Vol. XXX, February 1972 the broad area of septal endocardial Purkinje fibers descending between the two major divisions of the bundle branch down the septum toward the apex (Figs. 10 and 11 ). As mentioned above, the sequence of depolarization of the conducting tissue was from the main left bundle branch to the lower third of the septum, where initial ventricular muscle depolarization occurred. The impulses then presumably passed back up the septum by way of ordinary muscle fibers since no lateactivated conducting fibers were ever found on the upper two-thirds of the septum. However, as the impulse propagated in conducting tissue from the junction of the middle and lower third of the septum to the apex, activation of subjacent endocardial muscle always followed in close sequence the activation of the endocardial Purkinje fibers. Thus the left ventricular apex was the general region of subendocardial muscle excitation which followed sequentially the middle and lower third of the septum. Excitation of the apex usually occurred at approximately the same time as at the bases of the papillary muscles.
The paraseptal free wall regions above both papillary muscles were usually activated simultaneously with, or even before, the left ventricular apex. In most preparations, some conducting tissue from the major divisions turned 180° after passing the papillary muscles and provided impulse inputs into limited islands of paraseptal free wall muscle above both papillary muscles ( Fig. 12 ). However, while some muscle in the area was activated close in time to the activation of the subendocardial muscle at the lower third of the septum or the apex of the ventricle, slow conduction through ordinary ventricular muscle, combined with the limited area of the input, seemed to make these islands of early activation insignificant in terms of overall activation patterns.
The free wall between the papillary muscles was of particular interest since it appeared to have a triple input from the conducting system. Because of the anatomy of the region, four types of preparations were used to study Cuculmion Research, Vol. XXX, February 1972 this problem. In the standard preparation in which a cut was made through the free wall between the papillary muscles, small regions of free wall muscle beyond the papillary muscles remained after a heart of average size had been trimmed to fit into the tissue bath. In these preparations (13 complete maps), activation of this free wall muscle occurred at about the same time beyond each papillary muscle and somewhat earlier toward the apex than near the base. In two other types of preparations a paraseptal cut was made between either the anterior papillary muscle and the junction of the free wall with the anterior septum or the posterior papillary muscle and the junction of the posterior septum with the free wall ( Fig. 10 ). With either preparation, the cut was extended toward the apex and the cavity of the ventrfcle was opened. The mitral valve was removed and the aorta opened. Thus one looked upon a preparation composed (left to right) of the posterior papillary muscle, interpapillary free wall, anterior papillary muscle, and septum ( Fig. 10) ; or, conversely (again left to right), the septum, posterior papillary muscle, interpapillary free wall, and anterior papillary muscle. With either type of preparation, when the main left bundle branch was stimulated close to threshold, the time of activation of the interpapillary free wall Purkinje fibers was 7-15 msec later than the lower third of the septum, depending on the size of the heart. In addition, there was only a small latency between activation of the terminal conducting tissue and activation of the adjacent subendocardial free wall muscle in the apical portion of this area, the differences being on the order of 1-4 msec. The latency was longer at the base. Thus the apical muscle of the region was consistently activated before the basal muscle. In a fourth type of preparation, cuts were made along the junction of the septum and free wall both anteriorly and posteriorly, and the preparation was opened as in the studies on the right ventricle. After the mitral valve was excised and the aorta opened, one could view (from top to bottom) the upper septum, lower septum, apex, bases of the papillary muscles, Impulse input to the interpapillary free wall from the region of the left ventricular apex. Small heart incised through the junctions of the free wall and septum both anteriorly and posteriorly and exposing the entire ventricular cavity. Main left bundle branch on basal septum (off bottom edge of photograph) was stimualted close to threshold. Seen are the lower third of septum (SEP), left ventricular apex, and anterolateral (APM) and posteromedial (PPM) papillary muscles bordering intact interpapillary free wall. Base of the free wall is at the extreme top. Tract of conducting tissue connecting the anterior and posterior divisions of left bundle branch, i.e., the interpapillary Purkinje fiber tract (IPPF), is evident. This tract tends to be activated earlier than the rest of the conducting tissue of the region. Impulse travels from the lower third of SEP to APEX and lower interpapillary free wall with conducting system and muscle in close seauence. As propagation continues up the free wall, it is more rapid and has more overlap in the conducting system than in ventricular muscle. Ventricular muscle follows the expected apex-to-base propagation. The divergent PF-VM intervals from apex to base suggest impulse input to muscle only in the apical regions. With intracellular stimulation of IPPF, rapid spread through conducting tissue oc-
FIGURE 12
Islands of early activation on the basal paraseptal free walls. Preparation is of the main left bundle branch (BB) and the major divisions coursing toward the papillary muscles. The upper septum (SEP), aortic ring (AR), and basal paraseptal free wall (FVV) are labeled. The anterolateral papillary muscle (PM) is at the lower left corner. The BB was stimulated close to threshold and a normal sequence of activation was mapped on the SEP. An area of early activation of conducting tissue (white numbers on black background) and neighboring ventricular muscle (black numbers on white background) is consistently found on the high paraseptal free wall above and medial to the PM. The conducting system input to this area is limited, and spread from this area occurs slowly and radially through ordinary ventricular muscle. papillary muscles bordering the interpapillary free wall, and basal free wall and AV ring ( Fig. 11 ). When the preparation was mapped during stimulation of the bundle branch, the same pattern and time sequence of activation of the interpapillary free wall was observed as described above for the other preparations. The time from the activation of the lower septum to interpapillary free wall was still in the range of 7-15 msec. Therefore it appears that there are three inputs from the conducting system to this region: (1) by way of the anterior division of the left bundle branch, (2) by way of the posterior division, and (3) by way of the interlacing septal conducting fibers serving the lower septum and apex. The pattern of activation of muscle cells suggests that the sequence runs from the apex of the ventricle toward the basal interpapillary free wall. Muscle follows terminal conducting tissue in very close sequence (1-3 msec) when mapped from the lower septum, to the apex, and then up the lower portion of the interpapillary free wall. However, despite Influence of lesions in the left conducting system on patterns of activation. Preparation as described in Figs. 7 and 8 . A demonstrates the normal sequence of activation. The pairs of action potentials at levels I, II, and III were recorded from the corresponding levels on the photographs. The first of each pair is recorded from a conducting cell and the second from an ordinary muscle cell. The numbers represent intervals from stimulus to response at each site. In B, the activation is re-mapped after an incision across the posterior division of the left bundle branch. In C, mapping after another incision made vertically through the interconnecting subendocardial Purkinje fibers. Horizontal calibration = 10 msec; vertical calibration = 60 mv. some overlap in activation times of conducting tissue on the interpapillary free wall (Figs. 10 and 11), the intervals between Purkinje fiber and ventricular muscle activation progressively increase from the apex to the base, suggesting an impulse input primarily limited to the lower half of the interpapillary free wall. Finally, there is usually a tract of conducting tissue running across the interpapillary free wall between the apexes of the papillary muscles which is activated earlier than the regional subendocardial tracts (Fig.  10 ). This tract is anatomically and physiologically continuous with the anterior and posterior divisions of the left bundle branch and completes a ring of conducting tissue including the left bundle branch, anterior and posterior divisions, and this interpapillary conducting tract (Fig. 11) .
Intramyocardial Purkinje Network.-Because of the reported presence of terminations of Purkinje tissue in the depth of the myocardium (3), it was necessary for us to rule out the possibility that our endocardial preparations were creating artifactual patterns because we were cutting these ramifications of the system. Therefore, in each type of preparation studied, in addition to the thin endocardial preparations, we studied the patterns of endocardial activation on at least tvvo preparations composed of full-thickness ventricular tissue. Since it is not possible to perfuse the center of such tissue adequately in a tissue bath, it was necessary to mount these preparations and study their properties quickly. We performed these experiments for each major type of preparation used and found that full-thickness tissue behaved the same as the thin endocardial preparations. However, after an hour or so of perfusion, the full-thickness preparations deteriorated quickly, presumably because of release of potassium ions from the ischemic tissue in the center of the tissue block.
Mechanism of Delayed Activation Patterns Due to Lesions in the Left Conducting
System.-A series of experiments was performed in which patterns of activation were studied after one of the main divisions of the left bundle branch was incised with a sharp scalpel. In all six preparations so studied, control maps of activation were obtained just before the cut was made. Lesions were made close to the bifurcation of the main left bundle branch and at various distances beyond that to a maximum of one-half the distance to the anterior or posterior papillary muscle (Fig.  13) .
The most common result was a minimal delay (0-10 msec) of activation of the conducting tissue distal to the level of the lesion on the side of the preparation on which the lesion was created and almost no delay of the sequence of muscle activation distal to the lesion. Small to moderate delays (5-15 msec) were commonly seen at the base of the septum on the side of the lesions (Fig. 13B) .
When a vertical incision was made in the septum from a point near the bifurcation of the left bundle branch to the lower third of the septum so as to cut through the interconnecting subendocardial network bordered by the papillary muscles and major divisions of the bundle branch, there was no effect on the time or sequence of activation of either conducting tissue or ventricular muscle. However, when this lesion was coupled with a lesion in the proximal portion of either the anterior or posterior division of the bundle Circulation Research, Vol. XXX, February 1972 branch, marked changes occurred (Fig. 13C) . When the second lesion was made in the posterior division, activation of the anterior portion of the conducting system and muscle was normal. Activation time of the muscle in the lower third of the posterior septum was slightly to moderately delayed (5-15 msec) . Activation of the conducting system in the posterior radiation was delayed and reversed (retrograde), and activation of the posterior midseptal muscle was slightly delayed (0-10 msec). However, activation of the posterobasal septal muscle and posterior paraseptal free wall muscle was markedly delayed (20-35 msec) ( Fig. 13C) .
When the vertical lesion was coupled with a lesion of the anterior division, similar delays and reversed activation were seen on the anterior half of the septum. Finally, when lesions were made proximally in both the anterior and posterior divisions, complete failure of propagation to the distal conducting tissue and muscle occurred.
Attempts to Produce Functional Hemiblock. -In five preparations composed of the main left bundle branch and its two major divisions, we induced premature activity at various coupling intervals. In these studies we measured the intervals between the two stimuli (S]-Sa) and between the two responses (Ri-R 2 ) and compared the Ri-Ro intervals proximal and distal to the gates (25, 26) of the distal conducting system by a method previously described (26) . In all preparations, we were able to demonstrate small to moderate delays (5-17 msec) of activation of muscle during premature stimulation at Si-So intervals close to the functional refractory period of the system. However, in none of these five preparations were we able to demonstrate a coupling interval at which block, or even delay, occurred in one major division of the conducting system before the other. Moreover, the maximum magnitude of the delay observed across the two divisions was nearly identical in all preparations.
Points of Entry of Impulses into the Jntraventricular Conducting System.-Normally generated cardiac impulses enter the Sites of impulse input into the intraventricular conducting system. Preparation as described in Figs. 7 and 8 . In A, the LBB was stimulated with surface electrodes, and a normal pattern of activation of conducting tissue and ordinary muscle occurred. In B, a muscle cell in the lower septum was stimulated intracellularly and the impulse entered the conducting tissue and ordinary muscle in the local region and traveled from apex to base in both. Thus there was a progressive increase in the PF-VM interval from apex to base. In C, surface stimulation of muscle devoid of conducting tissue high on the anterior basal septum. The impulse spread ' radially through muscle until it reached the nearest point of entry into the conducting system on the high paraseptal free wall. It then spread rapidly through conducting tissue and back out into ordinary muscle on the lower septum, setting up a complex pattern of interacting wave fronts in ventricular muscle. The times from stimulus to response at each site are indicated by white numbers on a black background for conducting tissue and black numbers on a white background for ordinary muscle.
intraventricular conducting system by way of the AV node and bundle of His. However, bypass tracts and artificial pacemakers may excite ventricular muscle directly, without initial activation of the conducting tissue. We considered it of interest, therefore, to use mapping experiments to determine where impulses may find access to conducting tissue, since it is apparent that simple transverse excitation of the bundle branches and other intraventricular conducting tissue does not normally occur (Fig. 2) (15, 18) . The experimental design consisted of excitation of muscle alone, avoiding nonspecific excitation of conducting tissue. This was achieved in two ways: (1) intracellular stimulation of single muscle cells or (2) surface stimulation of muscle regions devoid of conducting tissue with stimuli close to threshold strength. Using either technique, maps were plotted to determine the earliest site of excitation of the conducting system, and the sequence of activation of both muscle and conducting tissue (Fig. 14) . The results of studies on ten preparations showed generally that impulses could enter the conducting system from muscle at any of those points where impulses could pass from conducting tissue into muscle, but only at those points. Specifically, in the left ventricle impulses could pass from muscle into conducting tissue in the lower third of the septum, the lower halves of the papillary muscles, the lower half to two-thirds of the interpapillary free wall, and in the region of the paraseptal free wall above the papillary muscles, where a few fibers consistently terminated in high paraseptal free wall muscle (Fig. 12 ). In the right ventricle, impulses could enter the conducting system over most of the free wall, along the lowermost regions of the septum, at the bases of the papillary muscles, and in certain portions of the outflow tract.
The patterns of depolarization seen with direct muscle stimulation were very complex. When muscle was stimulated, a slow wave of excitation spread radially through the muscle until access to the conducting system was achieved. At this point, the impulse spread rapidly through the conducting system until it reached the normal sites of egress back into the muscle. The sequences of activation were determined by the site of entry into the conducting system ( Fig. 14) . Therefore several propagating muscle wave fronts could be set up and converge upon each other according to the pattern of activation of (and site of entry into) the conducting system. In Fig. 14B , where low septal muscle was stimulated, the impulse propagated to the base independently in conducting tissue and muscle, thus arriving at the left bundle branch 25 msec before the muscle in the same region.
Discussion
The use of microelectrodes to record transmembrane action potentials from cells of the heart allows the identification of cells of different types (15) . The Purkinje cells of the specialized conducting system generate transmembrane action potentials which are distinctly different from the transmembrane action potentials of ordinary ventricular muscle. An action potential intermediate in electrophysiological characteristics between Purkinje fibers and ventricular muscle may also be recorded (18, 19) , and this probably represents anatomically intermediate, or transitional, cells (4, 8) . In these studies, we used the ability to identify different types of cells to correlate the anatomic and physiologic relationships between the specialized conducting system and ordinary ventricular muscle. The nature of the technique limited us to tissue close to the endocardial surface, but the reliability of identification of tissues and Circulation Research, Vol. XXX, February 1972 timing of events is probably greater than that obtained by the use of surface electrodes or plunge electrodes.
The use of surface stimulation just above threshold or intracellular stimulation on the right or left bundle branch provides local initiation of excitation of the conducting system without activation of the nearby muscle mass (Fig. 2) . The locally initiated impulse then propagates through the remainder of the conducting system. That such techniques do not produce longitudinally dissociated propagation in the remainder of the conducting system has been shown by us in another series of experiments (28) , and in another study by Lazarra et al. (29) .
General Physiological Interrelationships between Conducting Tissue and Ventricular Muscle.-The results of these experiments show that most of the length of the right bundle branch and the upper portion of the more complex left ventricular conducting system are functionally isolated from the surrounding muscle. This was not surprising on the basis of data in the literature (see discussion of septal activation below). Even the fine subendocardial tracts of Purkinje fibers, which histologically do not have much more surrounding connective tissue than ordinary ventricular muscle cells, were functionally isolated. This conclusion is based on the time relationships between impulses propagating through such tracts and through the surrounding muscle cells.
The fact that impulses can enter or leave the conducting system only at longitudinal terminations seems to be a general property of the system and the basis of the sequence of ventricular endocardial activation. This, of course, is probably relevent to QRS morphology in the presence of bypass tracts or during epicardial stimulation. Moreover, the independence of conduction in Purkinje tissue and muscle on the upper portions of the ventricular endocardium, coupled with the more rapid conduction in the Purkinje tissue, causes time relationships such as shown in Figure 14B when an impulse originates in the lower part of the ventricle. A surface electrogram recorded from the left bundle branch of this preparation would show a left bundle branch potential preceding a ventricular muscle potential, implying that the impulse may have originated at the left bundle branch, if one did not know the rest of the time relationships and stimulus location. This further emphasizes the need for caution in interpreting clinical recordings from the specialized conducting system (27) , e.g., the His bundle.
Mechanism of Activation of the Interventricular Septum.-Work from three major laboratories in the 1950's provided data showing that the general direction of the wave of excitation of the interventricular septum is from apex to the base, the left side being activated before the right, with earliest points of excitation being somewhere on the midleft septal endocardial surface (9, 10, 12) . These observations laid to rest the impression carried from the time of Lewis (1, 2) that the septum (at least the left side) was activated from base to apex. While there remained differences in concept of the electrical and anatomic nature of the septum between Burchell et al. (10) , Scher et al. (12) , and Sodi-Pallares et al. (9) , there has been no disagreement about the mean temporal pattern of septal excitation in the past 15 years. Extrapolating our findings from isolated tissue provides further support for the observations of these investigators. While our preparations do not allow comment on left-right relationships, several aspects of our data are pertinent to the mechanism and sites of onset of muscle excitation on the two sides of the septum.
That the proximal portions of the right and left bundle branches do not contribute directly to ventricular muscle excitation can be deduced from much earlier work of others. The general anatomy of the larger branches of the intraventricular portion of the specialized conducting system is similar in the mammalian species (3-7, 30, 31) , with some variations from one to another, especially in the degree of intramyocardial penetration. It has been well established that much of the length of the specialized conducting system, and certainly the more proximal portion, is anatomically separated from surrounding muscle by connective tissue sheaths (3, (5) (6) (7) 31) . Moreover, Abramson and Margolin (3) did not observe intramyocardial Purkinje fibers penetrating the upper septum or the upper portions of the papillary muscles. With the anatomic groundwork laid, the first significant clues correlating anatomy of the conducting tissue with the physiology of septal activation came from the laboratory of Hoffman (15, (32) (33) (34) . It was observed that the time relationships between activity in the conducting tissue on the left septum and activity in the surrounding muscle was not fixed but, rather, varied with location of surface electrodes (15) . The difference was larger on the higher portions of the septum and smaller below. The studies reported here, insofar as they pertain to the mechanism of septal activation, add to the observations of Sodi-Pallares et al. (9) , Burchell et al. (10) , and Scher et al. (12) ; and the anatomic physiologic observations of the Hoffman group (15, (32) (33) (34) . We have studied the physiology of the left intraventricular conducting system and find that the septal portion of this complex network does not contribute to ventricular muscle activation until it reaches approximately the junction between the middle and lower thirds of the septum (Fig. 8 ). When this site of initial muscle depolarization is reached, the propagating wave front on the upper two-thirds of the septum reverses (from apex to base) traveling through muscle instead of conducting tissue. Simultaneously, the conducting system over the lower third of the septum is conducting the impulse toward the apex with the neighboring muscle following closely in the wake of conducting system activation, and in the same direction-toward the apex (Figs. 8 and 11 ). Since the impulse from the lower third of the septum to the apex is being delivered to the ventricular muscle by way of the rapidly conducting Purkinje network while the impulse is spreading along the upper two-thirds of the septum through ordinary muscle, the mean direction of propagation as a function of time is from apex to base. In summary, then, the propagating impulse on the left septum spreads in one direction within the conducting system, but as two wave fronts moving away from each other at different rates in the septal endocardial muscle. The subendocardial conducting network between the anterior and posterior divisions on the upper two-thirds of the septum serves to interconnect the two major divisions, as well as to provide impulse delivery to the lower third of the septum.
The functional isolation of the right ventricular conducting system from the subjacent muscle ( Fig. 5 ) occurs just as it does on the left, but over a longer distance. The propagating impulse is delivered to the lower septal muscle by way of conducting fibers that reflect back to the septum from the distal bundle branch or free-running false tendon after it has passed beyond the base of the anterior papillary muscle ( Figs. 1 and 4 ). By the time the impulse has made this 180° turn and been delivered to the apical muscle of the septum, impulses have already been delivered to the free wall muscle and basal papillary muscle fibers. The direction of propagation in the conducting system is, of course, from base to apex.
Mechanism of Activiation of the Free Walls of the Ventricles.-Impulses propagating through the left intraventricular conducting system appear to invade the left ventricular free wall endocardium from three directions simultaneously ( Figs. 10 and 11 ). As the anterior (superior) and posterior (inferior) divisions of the left bundle branch cross the papillary muscles, fibers course down them toward their bases, but much of the conducting tissue continues across the papillary muscles onto the interpapillary free wall, where the conducting tissue from the two divisions of the bundle branch appear to merge. This ring of conducting tissue formed by the merger of the two major divisions joins a free wall subendocardial network similar to that on the septum between the proximal portions of the two major divisions. The septal network of conducting tissue, after passing across the lower septum and apex, ascends the free wall in the interpapillary region, activating the muscle mass en route. It, too,
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interconnects with the conducting tissue from the free wall portion of the ring. Our experimental design does not permit the use of the same heart to study propagation time to the interpapillary free wall from each of these three pathways. However, we have shown that the time of activation of subendocardial interpapillary free wall muscle in preparations from hearts of approximately the same size was about the same in each of the types of preparations studied. The apical free wall muscle was always activated earlier than the base (Figs. 10 and 11) , and the paraseptal free wall and some basal points above the papillary muscles ( Fig. 12) were activated a little earlier than apical muscle.
This study therefore suggests a free wall of the left ventricle well protected from abnormal delay of activation by the presence of three pathways of conduction available to allow rapid delivery of the propagating impulse. It would appear that any one or two of these pathways may permit reasonably normal function in the presence of focal disease of other pathway(s). Furthermore, the intact left ventricular canine conducting system may be conceived as a ring of conducting tissue composed of the anterior and posterior divisions meeting on the interpapillary free wall and connecting to the His bundle by way of the short left bundle branch. This ring of tissue interacts with a profuse subendocardial network around the entire ventricular circumference, traveling predominantly toward the apex and having points of impulse egress into muscle only in its lower portions.
The two islands of early activation on the endocardium of the high paraseptal free wall above the papillary muscles on both sides of the septum are probably the same as those described by Durrer et al. (21) in the explanted human heart. The conducting fibers terminating in the region are responsible for the early activation (Fig. 12 ). These islands of early activity seem to play a minor role in the overall pattern of endocardial activation.
The data presented here and experimental techniques used do not justify comment on the question of whether the Purkinje network makes significant functional penetrations into the depths of the ventricular muscle mass of the free wall, as had been debated by Sodi-Pallares' group (13, 16 ) and Scher's group (11) . In support of Scher, we did show that the sequence of endocardial activation is the same whether one studies a thin endocardial preparation or a full-thickness preparation. So at least the endocardium may be normally activated in the absence of any deep intramyocardial fibers. The presence of deep fibers has been claimed (3) in mammalian hearts, and perhaps both they and the superficial fibers are functionally significant. However, Durrer found no functional evidence of intramyocardial Purkinje fibers in humans (20) , although he has found some in the apical portion of the canine heart.
Almost the entire right ventricular free wall is activated simultaneously (Fig. 6) without an apex-to-base orientation of the wave of excitation, as found on the left, nor the complex conducting system-muscle relationships of the left side.
Meclianism of Activation of the Papillary Muscles.-Maps of the conducting system on the surface of the papillary muscles of the left ventricle suggest that an impulse may reach the base of the papillary muscle by two pathways. We found, as had Burch et al. (22) , that the activation of muscle in the papillary muscles is from base to apex. Lesions interfering with propagation in either of the two inputs from conducting system to the base of the papillary muscles did not alter the baseto-apex orientation and timing of muscle activation in the papillary muscles. Significant conducting system input into the apical halves of the papillary muscles did not seem to be a feature of the system. In the 50% of those preparations described in Results in which there did appear to be input from a major division of the bundle branch to the upper portions of the papillary muscles, the interval between activation of subendocardial Purkinje tissue on the apical portion of the papillary muscle and the ordinary muscle cells was extraordinarily long-well in excess of the intervals seen with the whole papillary muscle preparations (Figs. 9 and 10). We have not yet worked out the reason for this apparent paradox, but suspect the possibility that limited islands of input (such as seen on the high paraseptal free wall, see above) and slow muscle conduction from these sites of input may be responsible. Such a mechanism would be insignificant in the overall pattern of depolarization of intact preparations, as the paraseptal islands of input appear to be. Further work is in progress on this question. Figure 13 , discrete lesions in the anterior or posterior division of the left bundle branch had little or no influence on the sequence of activation of either the conducting system or the ventricular muscle. The interconnecting fibers between the two divisions produced a normal sequence of activation at all levels of the conducting system except very close to the incision itself. This is consistent with the observations of Lazarra et al. (29) . Watt and Pruitt (17) , using intact dog hearts, were able to produce some epicardial delay with rather large septal lacerations in the distribution of the major divisions but could not produce significant frontal axis shifts. Watt et al. were able to produce axis shifts in a primate heart (35) , and attributed their results to species differences in the conducting system.
When we coupled discrete lesions of a major division of the left bundle branch with a vertical lesion cutting many of the interconnecting fibers between the major divisions ( Fig. 13C ), we were able to produce marked changes in the time and sequence of activity in both the conducting system and muscle on the side of the incision. This suggests that, at least in the dog heart, hemiblock as reflected by frontal QRS axis shifts should be produced only by very diffuse lesions, if at all. This is consistent with the work of Watt et al. (17) and probably with the earlier studies quoted by Rosenbaum et al. (36) , in which large septal lesions had been produced. Perhaps the human heart is different in this regard. If not, Circulation Rerearch, Vol. XXX, February 1972 the mechanism of "hemiblock patterns" must be related to very diffuse, and probably peripheral, lesions.
Our inability to produce functional hemiblocks is also surprising because combined block in the right bundle branch and one of the divisions of the left bundle branch recently has been shown to be more common in clinical settings than previously recognized (37) . However, in our canine preparations, the functional and effective refractory periods of both major divisions were consistently identical. If this is not a reflection of a species difference from the human, we must look for an explanation other than functional hemiblock for the marked left axis deviation combined with right bundle branch block during early premature activity.
Concept of the Purkinje Fiber-Ventricular Muscle Junction.-The existence of a functional "junction" between the Purkinje fibers of the specialized conducting system and the ordinary muscle cells of the ventricular working muscle mass has been discussed in literature emanating from several laboratories (18, 19, 23, 38) , including our own (26) . Most investigators discuss a Purkinje fiber-ventricular muscle delay or interval on the order of 5-15 msec between terminal Purkinje fibers and ordinary ventricular muscle cells. Our present studies indicate that there are limited sites of egress of the propagating impulse from the conducting system and that the same sites are the only direct sites of ingress from muscle to conducting tissue ( Fig. 14) . Furthermore, in studying one of these sites of egress (the lower left septum), Hoffman and associates (15, 33) pointed out that the interval between Purkinje cell activity and muscle cell activity was no more than 1 or 2 msec. They did not demonstrate cell types by recording transmembrane potentials, but in our present work we have done so. We have found that points of impulse egress characteristically have intervals between the terminal Purkinje fibers and ventricular muscle cells not exceeding 4 msec and quite frequently less than 2 msec. If one searches carefully for terminal ramifications of conducting tissue fanning out on the muscle Circulation Research, Vol. XXX, February 1972 surface and tracks these to their limits, the Purkinje fiber-ventricular muscle delays all but disappear. It does not suffice to merely identify a small subendocardial twig of the conducting system and record from a cell in it and from an adjacent or subjacent muscle cell.
One of the favorite preparations for studying cardiac cellular physiology in many laboratories is the free-running false tendon originating at the left septum and terminating in a papillary muscle. Figure 9 demonstrates the reason why extreme caution must be observed, especially in reference to the concept and behavior of a Purkinje fiberventricular muscle junction. An interval measured by close microelectrodes on the apical half of the muscle might be quite long while that on the lower half would be quite short. Paradoxically, in some preparations of just the apical half of the papillary muscle in which some form of input to muscle did occur, very long delays were encountered. Papillary muscles from the right ventricles are less treacherous since their only input is from the base of the muscle and easily recognized.
If a true Purkinje fiber-ventricular muscle junction does exist, the delays across it would seem to be much less than previously thought. Moreover, it could even have different apparent or absolute values at various anatomic sites. In any event, the problem is treacherous and must be approached with considerable caution.
Paradoxical Interactions between Bundle Branches and Surrounding Ventricular Muscle.-In some preparations of physiologically isolated bundle branches (Fig. 2) having slow spontaneous activity in the bundle branch, stimulation of surrounding muscle resulted in one of the two forms of interactions between muscle and bundle branch shown in Figure 3 . One form of interaction was dependent and the other was parasystolic. The mechanisms of these interrelationships are unknown, but several possibilities exist. Pertinent to the dependent form, Mendez et al. (23) have described certain characteristics of conduction from Purkinje tissue into muscle, one of which is a lower margin of safety for antegrade conduction (Purkinje fiber to ventricular muscle) than for retrograde conduction. If they are correct, and if a limited number of fibers from the bundle branch into septal muscle remained on the preparations in which we saw the "dependent" form of activity in the bundle branch, retrograde conduction and antegrade block could explain this phenomenon. There is, however, one flaw in this reasoning. As shown in Figure 3A , the occurrence of this phenomenon seemed to be dependent on the degree of phase 4 depolarization. If the Mendez hypothesis applied here, one would expect that the chances for retrograde conduction would be greater at the higher (i.e., more negative) membrane potential than after significant spontaneous depolarization has occurred. This is suggested by the principles set forth by Singer et al. (39) for the interrelationships between automaticity (phase 4 depolarization) and conduction. On the other hand, an electrotonic interaction of partially depolarized tissue with a nearby propagating impulse based on the principle of facilitation (40) could apply here. The failure of the bundle branch to respond until after significant spontaneous depolarization-bringing it closer to threshold potential-is consistent with such a mechanism. This may be relevant to a possible mechanism of the genesis of naturally occurring dependent premature activity.
The other form of interrelationship, in which spontaneous activity in the bundle branch merely increased in rate but remained parasystolic, is also difficult to explain. Perhaps there is a mechanical relationship in which contraction of the septal muscle enhances spontaneous activity in tissue which is already electrically unstable-something on the order of the modified pulse-andimpulse hypothesis of James (41) . On the other hand, physiological acceleration of pacemakers to compete with external imposed drives, as described by Lange (42) , might be relevant to this observation.
